Abstract. Hyperinsulinemia is a known risk factor for cardiovascular events, but its molecular basis is not completely understood. In this study, we examined the effects of insulin alone, or insulin and proinflammatory cytokines, on the expression of inflammation/coagulation-related genes in hepatocytes. We found that, in the HepG2 human hepatocyte cell line, insulin stimulated the transcriptional activity of plasminogen activator inhibitor 1 (PAI-1), fibrinogen-γ and C-reactive protein (CRP) genes in time-and dose-dependent manners. These effects were completely inhibited by MAP kinase inhibitor PD98059, but not by PI3 kinase inhibitor wortmannin. As previously reported, proinflammatory cytokines like interleukin 1β and interleukin 6 showed stimulatory effects on the expression of these genes, and we now found that the combination of insulin and the cytokines showed more than additive effects in most cases. Interleukin 1β and insulin also cooperatively increased the endogenous mRNA level of PAI-1. These results suggest that the coexistence of high insulin and cytokines may induce inflammation and hypercoagulation in a synergistic manner. This may partly explain why the accumulation of multiple risk factors, especially hyperinsulinemia caused by insulin resistance and enhanced production of proinflammatory cytokines, results in inflammation, thrombosis, and cardiovascular events in metabolic syndrome.
IN recent years, the accumulation of multiple metabolic risk factors such as obesity, dyslipidemia, glucose intolerance, and hypertension has been linked with the high prevalence of cardiovascular events, and is now recognized as the metabolic syndrome [1] . It has also been shown that the pivotal feature of the syndrome is insulin resistance (with hyperinsulinemia) [2] and overproduction of proinflammatory cytokines, derived systemically from the visceral adipose tissue such as adipokines or locally from the vascular wall [3] . Metabolic syndrome has now come to be recognized as a proinflammatory state, and is frequently associated with hypercoagulability. Indeed, the plasma levels of C-reactive protein (CRP), and clotting factors like fibrinogen and the inhibitor of fibrinolysis, like plasminogen activator inhibitor 1 (PAI-1), have been shown to be increased in this disorder, and the latter may be at least partly responsible for the high prevalence of thrombotic disorders in the syndrome [4] . However, the molecular mechanism whereby the combination of multiple risk factors, especially insulin resistance and cytokine overproduction, causes the hypercoagulative state is not completely understood.
In this study, we examined the effects of insulin alone, as well as insulin and proinflammatory cytokines like interleukin-1β (IL-1β) and -6 (IL-6), on the expression of coagulation/inflammation-related genes such as PAI-1, fibrinogen-γ, and CRP, using the human hepatocyte cell line HepG2 in vitro. We found that the combination of insulin and cytokines has potent stimulatory effects on the transcription of these genes in a additive/synergistic manner, which may partly explain the reason why co-existence of insulin resistance and visceral obesity causes inflammation, thrombosis, and cardiovascular events in metabolic syndrome.
Materials and Methods

Reagents
Human insulin was provided by Eli Lilly (Indianapolis, IN). IL-1β and IL-6 were purchased from PeproTech (Rocky Hill, NJ), and PD98059 and wortmannin were from Calbiochem (San Diego, CA) and Sigma (St. Louis, MO), respectively.
Plasmids
The 5'-promoter region of the human PAI-1 (-687/ +142 bp), fibrinogen-γ (-1000/+1 bp), and CRP (-184/ +43 bp) were cloned by PCR and incorporated into the pA3Luc luciferase reporter plasmid using standard molecular biology techniques. pNF-κB-Luc and pAP1-Luc, containing tandem repeat of the consensus NF-κB and AP1 sequences, respectively, were obtained from Clontech (Mountain View, CA).
Cell culture and experiments
The human hepatoma HepG2 cells were maintained in DMEM (Sigma) supplemented with 10% fetal bovine serum (FBS) and penicillin/streptomycin under a 5% CO 2 /95% air atmosphere at 37°C. In each experiment, cells were plated and cultured in 24-well plates to 50% confluency. On the next day the cells were transfected with the test plasmids and human insulin receptor expression vector using FuGene 6 transfection reagent (Roche, Indianapolis, IN), and 24 h later the medium was changed to serum-free medium. In each experiment, test reagents, in 1000× concentration, were then added directly into the culture medium, and the cells were incubated for the defined time interval. At the end of incubation, the culture medium was removed, and the cells were harvested for the determination of luciferase activity.
Luciferase assay
Luciferase assay was performed as previously described [5] , and light output was measured for 20 sec at room temperature using a luminometer (Berthold Lumat LB9507, Bad Wildbad, Germany).
RT-PCR
Endogenous expression of PAI-1, fibrinogen-γ, and CRP mRNAs in HepG2 cells was examined by RT-PCR. The cells were plated in 3.5-cm-diameter dishes, and total RNA was extracted using RNeasy RNA extraction kit (Qiagen, Hilden, Germany). One μg each was then applied for reverse transcription reaction using Superscript III reverse transcriptase (Invitrogen, Carlsbad, CA), followed by PCR reaction (25-30 cycles, 94°C 30 sec, 60°C 30 sec, 72°C 2 min) using Blend Taq DNA polymerase (Toyobo, Tokyo, Japan). The primer sets used were: human PAI-1 sense 5'-CAGACGCGATCTTCGTCCAG-3', antisense 5'-GCA GCAATGAACATGCTGAGG-3'; human fibrinogen-γ sense 5'-CAACATGTGTAGCATATGTTGC-3', antisense 5'-GACCCATCGATTTCACAGTAG-3'; and human CRP sense 5'-GAGAAGCTGTTGTGTTTCT TGG-3', antisense 5'-CATGTTCACATTTCCAATG TCTC-3'. All the primer sets were designed as intronspanning to distinguish the cDNA-derived PCR product from that of the genomic DNA-derived one.
Quantitative RT-PCR
Reagents, software, and equipment were from Applied Biosystems (Foster City, CA). TaqMan reactions were performed using TaqMan universal PCR master mix and the ABI PRISM 7700 sequence detection system, and analysis was performed using the sequence detection system software. Human PAI-1 TaqMan probes were also from Applied Biosystems (Hs00167155 m1). Human GAPDH mRNA was used as an internal control (Hs99999905 m1). The quantity of the target mRNA in an unknown sample was determined from the Ct value using the standard curve. A control without a template was included in each experiment. Non-template controls, standard dilutions, and samples were assayed in duplicate.
Statistical Analysis
Samples in each group of the experiments were in triplicate or quadruplicate. All data were expressed as mean ± SEM. When the statistical analyses were performed, data were compared by one way analysis of variance with Fisher's multiple range test, and P values below 0.05 were considered significant.
Results
Endogenous expression of mRNAs related to the coagulation/inflammation genes in HepG2 cells
The intrinsic expression of PAI-1, fibrinogen-γ, and CRP was analyzed by RT-PCR. As shown in Fig. 1 , mRNAs for all genes were amplified, indicating that this cell line is appropriate for the transcriptional regulation of these genes in vitro.
Time-course effects of insulin on the expression of coagulation/inflammation-related genes
We examined the effect of insulin on the transcriptional activity of the inflammation/coagulation-related genes. As shown in Fig. 2 , insulin enhanced the 5'-promoter activity of these genes in a time-dependent manner. A significant effect was obtained at 24 h (PAI-1, fibrinogen-γ) and 48 h (CRP).
Effects of protein kinase inhibitors on the insulin effect on coagulation/inflammation-related genes
We then examined the effect of kinase inhibitors on the insulin stimulation of the inflammation/coagulation-related gene transcription. As shown in Fig. 3 , the enhancing effects of insulin on the 5'-promoter activity of all genes were completely abolished in the presence of MAP kinase kinase (MEK) inhibitor PD98059 (20 μM) but were not influenced by PI3 kinase (PI3K) inhibitor wortmannin (1 μM), suggesting the involvement of the former signaling pathway.
Time-course effects of IL-1β on the expression of coagulation/inflammation-related genes
We also examined the effect of IL-1β on the transcriptional activity of the inflammation/coagulationrelated genes. As shown in Fig. 4A , IL-1β enhanced the 5'-promoter activity of these genes in a timedependent manner. A significant effect was obtained at 12 h (PAI-1) and 48 h (fibrinogen-γ, CRP).
Time-course effects of IL-6 on the expression of coagulation/inflammation-related genes
The effects of IL6 were also examined. As shown in Fig. 4B , IL-6 enhanced the 5'-promoter activity of these genes in a time-dependent manner. A significant effect was obtained at 12 h (fibrinogen-γ, CRP) and 24 h (PAI-1).
Combined effects of insulin and IL-1β on the expression of coagulation/inflammation-related genes
We then examined the crosstalk between insulin and cytokine signaling pathways. As shown in Fig. 5A , insulin and IL-1β, when treated alone, showed significant positive effects on the transcriptional activity of each gene, similar to the previous experiments. Furthermore, when used in combination, an additive effect was observed in PAI-1 gene, and more than additive (synergistic) effects were observed in fibrinogen-γ and CRP genes. cDNA produced from an RT reaction using total RNA from each cell line was amplified by PCR with pairs of oligonucleotide primers specific for each mRNA.
Combined effects of insulin and IL-6 on the expression of coagulation/inflammation-related genes
The combined effects of insulin and IL-6 were also examined. As shown in Fig. 5B , insulin and IL-6, when treated alone, showed significant positive effects on the transcriptional activity of each gene, in accordance with the previous experiments. In addition, like the case with insulin and IL-1β, more than additive (synergistic) effects were observed in all genes, amongst which the effect was most prominent in fibrinogen-γ.
Combined effects of insulin and IL-1β/IL-6 on the inflammation-related transcription factor-specific transcription
To determine the transcription factor(s) mediating the effects of IL1β/IL-6, we carried out an experiment using the two inflammation-related transcription factor-specific reporter plasmids, i.e. NF-κB-Luc and AP1-Luc. As shown in Fig. 6 , the synergistic effect of insulin and IL-1β, like other inflammation/coagulation-related genes, was observed in NF-κB-dependent, but not in AP1-dependent, transcription. On the other hand, no synergistic effect was observed in both NF-κB and AP1-dependent transcription when insulin and IL-6 were used. 
Combined effects of insulin and IL-1β on the endogenous expression of PAI-1 mRNA
Finally, we examined the combined effects of insulin and IL-1β on the endogenous expression of mRNA level by a quantitative RT-PCR technique, using a PAI-1 mRNA as a representative of inflammation/ coagulation-related genes. As shown in Fig. 7 , insulin and IL-1β, when treated alone, significantly increased the amount of PAI-1 mRNA. Furthermore, when used in combination, an additive effect was observed, similar to the results obtained using the PAI-1 promoter.
Discussion
In this study, we found that insulin, as well as proinflammatory cytokines such as IL-1β and IL-6, induces the transcription of coagulation/inflammation-related genes. Furthermore, the combination of insulin and these cytokines exerted additive or more than additive effects. This was also the case with the effect of IL-1β on endogenous expression of PAI-1 mRNA. Thus, we assume that the synergism in the effects of insulin and cytokines may partly explain why the accumulation of multiple risk factors, like insulin resistance with compensatory hyperinsulinemia and abdominal obesity with enhanced production of proinflammatory cytokines, is responsible for the occurrence of hypercoagulation/thrombosis and cardiovascular events in the metabolic syndrome.
Although the major role of insulin in the human is to regulate blood glucose level, the hormone was originally derived from a growth factor like insulin-like growth factor I (IGF-I). Indeed, intracellular insulin signaling has two major pathways, the insulin receptor substrate (IRS)/PI3K/Akt-mediated metabolic pathway and the Ras/MEK/MAP kinase (MAPK)-mediated growth pathway [6] . Recent basic studies suggest that the insulin resistance in the metabolic syndrome exists in the IRS/PI3K/Akt pathway that regulates the glucose homeostasis, resulting in a compensatory hyperinsulinemia to maintain plasma glucose level. Since the signal transduction mediated by the Ras/MEK/ MAPK pathway is shown to be preserved [7] [8] [9] , the increased plasma insulin simultaneously causes overstimulation of this pathway [10, 11] . In our study, the effects of insulin on PAI-1, fibrinogen-γ, and CRP were completely abolished by the MEK inhibitor, but not by the PI3K inhibitor. Thus, we assume that the transcriptional regulation of these genes by insulin is under the control of the growth pathway of insulin signaling. Furthermore, the expression of these genes can be activated or even overstimulated in the state of insulin resistance with hyperinsulinemia in vivo.
It is of interest that insulin enhanced the effect of proinflammatory cytokines. Although the precise mechanism of the positive interaction between insulin and cytokine signaling is not clear in this study, molecular synergism may be occurring at the level of the single transcription factor, such as NF-κB. Indeed, our results showed that more than additive effects of insulin and IL-1β were observed in NF-κB-specific reporter gene transcription as well as in the promoters of inflammation/coagulation-related genes.
Previous studies also have shown that NF-κB is involved in the transcription of PAI-1, fibrinogen, and CRP genes [12] [13] [14] [15] [16] . Since MAPK is known to enhance the transcriptional function of NF-κB via phosphorylation [17, 18] , insulin may thus potentiate the cytokine-induced NF-κB transcription in this fashion. In contrast, no additive effect of insulin and IL-6 on NF-κB-dependent transcription was observed, suggesting the involvement of transcription factor(s) other than NF-κB. Another possible mechanism of molecular synergism is the cooperative effect of multiple transcription factors. Transcriptional regulation is mediated not only by transcription factors themselves but also by transcriptional cofactors, and the recruitment depends on the type and context of the transcription factors on the promoter. In addition to NF-κB, other inflammation-related transcription factors such as AP1, HIF-1, C/EBPs, and STAT3 are shown to be involved in the transcription of PAI-1, fibrinogen, and CRP genes [19] [20] [21] [22] [23] , and it is possible that a specific cofactor(s) is recruited only when multiple transcription factors are simultaneously activated by the combined stimulation of insulin and cytokines.
Our in vitro results may underscore the high prevalence of thrombotic disorders in the metabolic syndrome. It has long been known that hypercoagulation and thrombosis are associated frequently with obesity. Expression of PAI-1 and fibrinogen are known to be increased in animal models of obesity [24, 25] . In ob/ob mice, Alessi et al. [25] reported that hepatic PAI-1 expression is higher than in adipose tissue and had a good correlation with plasma PAI-1 level, and Klover et al. [26] showed that neutralization of IL-6 significantly reduced hepatic fibrinogen mRNA levels. In human, plasma levels of PAI-1, fibrinogen, and CRP are elevated in patients with the metabolic syndrome [27] [28] [29] . Furthermore, Wannamethee et al. [30] have recently shown the inter-relationship between IL-6 and the PAI-1 and fibrinogen as well as CRP in patients with metabolic syndrome. The relationship between hyperinsulinemia and hypercoagulability is also reported [31] , and the compensatory hyperinsulinemia in the insulin-resistant state may be responsible for the pathogenesis of the disorder [10] .
In this sense, clinicians should be aware of the synergistic risk of thrombotic disorders in obese patients with hyperinsulinemia and with abdominal fat accumulation associated with proinflammatory cytokines. 
